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Introduction

Toxic cyanobacterial mass occurrences (blooms) are commonly found in
fresh, brackish, and marine waters (Sivonen and Jones 1999). Cyanobacte-
ria growing in benthic environments have also been shown to contain tox-
ins (Sivonen and Jones 1999; Edwards et al. 1992; Mez et al. 1997;
Surakka et al. 2005). The most common cyanobacterial toxins (cyanotox-
ins) are hepatotoxins (microcystins and nodularins), neurotoxins [ana-
toxin—a, anatoxin—a(S) and saxitoxins], cytotoxins (cylindrospermopsins),
and dermatotoxins (aplysiatoxin and debromoaplysiatoxins) (Sivonen and
Jones 1999). Microcystins in freshwaters are most frequently produced by
Microcystis, Planktothrix (formerly Oscillatoria) and Anabaena (Sivonen
and Jones 1999). Microcystin production has been also proven for Nostoc
(isolates from water and terrestrial environment; Sivonen et al. 1992; Ok-
sanen et al. 2004), terrestrial isolates of Hapalosiphon (Prinsep et al. 1992)
and Phormidium (Izaguirre and Neilan 2004). In brackish waters such as
the Baltic Sea or saline lakes and estuaries in Australia and New Zealand,
nodularin producing cyanobacterium, Nodularia spumigena, frequently
occur (Rinehart et al. 1988; Sivonen et al. 1989; Heresztyn and Nicholson
1997). Neurotoxins are commonly produced by Arabaena and less fre-
quently by Aphanizomenon, Lyngbya and Oscillatoria (Sivonen and Jones
1999). Cylindrospermum raciborskii, Aphanizomenon, Umezakia, Ana-
baena and Radhidiopsis produce cylindrospermopsins (Fergusson and
Saint 2003), whereas Lyngbya, Schizothrix and Oscillatoria are primarily
implicated as main producers of dermatotoxins (Sivonen and Jones 1999;
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see also current listings of toxins and toxin producers in this volume; e.g.,
Humpage). Cyanobacterial toxins have caused hundreds of animal poison-
ing cases worldwide (Ressom et al. 1994) and are threat to human health
(Kuiper—Goodman et al. 1999). It has become evident that efficient meth-
ods to detect cyanobacterial toxins as well as toxic cyanobacteria are
needed. This paper will evaluate the potential of the current and emerging
high throughput methods for analysis of cyanobacterial toxins and toxin
producing organisms.

Detection of toxins

To protect water users from poisoning and exposure to the toxins, it is im-
portant to know the identity and quantity of the toxins. Such cases include
drinking water, dietary supplements, important areas for recreation, ani-
mal—poisoning cases, etc. Several papers in the current issue deal with
toxin analyses in detail (Meriluoto and Spoof 2006; Lawton 2006) thus,
only the potential for developing high throughput methods are considered
here.

The structures of the most wide spread cyanotoxins are known and that
has made possible the development of high throughput analysis methods
such as enzyme-linked immunosorbent assay (ELISA), protein phos-
phatase inhibition assay (PPIA), high—performance liquid chromatography
(HPLC) and liquid chromatography — mass spectrometry (LC/MS).
ELISA is available for cyanobacterial hepatotoxins and saxitoxins
whereas, PPIA is used to detect microcystins and nodularins. Both meth-
ods have been evaluated to be sensitive and fast screening methods (Ha-
rada et al. 1999; Rapala et al. 2002; Hilborn et al. 2005). Both of these
analyses can be carried out in multi—well plate formats. The ELISA analy-
ses can be fully automated by using new robotic technologies. The PPIA
analysis involves the use of enzyme which readily inactivates without pre-
cautions. Both of these methods give total toxin concentrations but do not
differentiate the compounds. Matrix—assisted laser desorption/ionisation
time—of—flight mass spectrometry (MALDI-TOF) has been proven as a
fast screening method for the detection of cyanobacterial peptide toxins
and bioactive compounds (Erhard et al. 1997; Fastner et al. 2001; Welker
et al. 2004).

To identify individual toxins, separation is needed and identification
methods such as HPLC combined with UV, FT or mass detection are re-
quired. There are good applications for many toxins and they can be accu-
rately determined (Harada et al. 1999; Sivonen 2000; Meriluoto et al.
2004; Meriluoto and Codd 2005). LC/MS is an excellent method to iden-
tify the individual toxins. Improvement of the instruments has also made
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the method very sensitive. All chromatographic methods are currently
rather fast. The analysis times are in minutes and the equipment with auto
samplers can be run continuously on nights and weekends. Thus, the limit-
ing step still is sampling and sample preparation/extraction. The availabil-
ity of standards of certain toxins is still a problem. New developments in
this field leading to on—line measurements and fast and easy to use kit de-
tection systems are likely to improve the rapid detection of cyanotoxins in
the future (in this monograph, see Lawton 2006, Wilhelm 2006).

Detection of cyanobacteria and genes involved in toxin
production

In order to implement any rational mitigation scheme, further research is
needed on the biology, ecology and proliferation of cyanobacteria produc-
ing toxins. The major toxin producers have been identified by isolating the
organisms and showing their toxin production capability (Sivonen and
Jones 1999 and the cases thereafter, in this monograph). This has created
invaluable culture collections, which contain toxic and non—toxic plank-
tonic cyanobacteria as well as benthic strains. Such culture collections
have been valuable sources for physiological studies on toxin production,
taxonomic/phylogenetic analyses of toxin producers as well as studies on
the biosynthesis of toxins. We cannot identify toxin producers by micros-
copy since toxic and non—toxic strains of the same species are known to
occur (Ohtake et al. 1989; Vezie et al. 1998). The gene clusters involved in

microcystin and nodularin production are known. Microcystins (nodu-
larins) are produced non-ribosomally by the multi-enzyme complex con-
sisting of polyketide synthases and peptide synthetases, which was verified
by Dittmann et al. (1997) by gene knockout experiments. These biosyn-
thetic gene clusters have been fully sequenced from Microcystis (Nishi-
zawa et al. 1999 and 2000; Tillet et al. 2000), Planktothrix (Christiansen et
al. 2003), Anabaena (Rouhiainen et al. 2004) and Nodularia (Moffitt and
Neilan 2004). This has made possible to develop molecular methods to
identify these toxin producers in samples. However, the biosyntheses of
neurotoxins and other cyanobacterial toxins remains to be elucidated and
verified by gene knockout experiments before molecular analysis can be
developed with high certainty. Toxin analyses will not reveal the produc-
ers in most cases. The only exception is nodularin, which is produced thus
far, only by Nodularia spumigena. Detection of toxic cyanobacteria by
conventional or real-time PCR can serve as an early warning method since
PCR detects the presence of toxin producers in very low concentrations.
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These and microarray (DNA chip) technologies are the only methods cur-
rently available to study toxin producing cyanobacteria in situ.

Conventional PCR

Conventional PCR is a fast and cheap method to detect potentially toxin—
producing strains in samples. This method requires only PCR and gel
documentation facilities, which are common nowadays in laboratories.
Like the methods for toxin analysis, the most time consuming task using
molecular methods is the environmental sample collection, DNA isolation
and purification. Conventional PCR can be used to detect micro-
cystin/nodularin producers since the gene clusters are now known and sev-
eral primers are thus, available (Table 1). These gene clusters are large (55
kb for microcystins and 47 kb for nodularin) and offer a wealth of informa-
tion and possibilities for probe and primer design. In the recent years, it
has become evident that cyanobacteria often produce plenty of non—
ribosomal cyclic or linear peptides other than microcystins (Rouhiainen et
al. 2000; Fastner et al. 2001; Welker et al. 2004) and nodularins (Fujii et
al. 1997) and this should be taken into consideration in primer design.
Microcystis aeruginosa is found worldwide, the most frequently occur-
ring microcystin—producing cyanobacterial species and its biosynthetic
genes have been known for the longest time. For this reason, most studies
have focused on the detection of toxic Microcystis strains (Table 1) but
more recently extended to include other producers such as Planktothrix
and Anabaena. Simultaneous occurrence of several potential microcystin
producers in a lake is not uncommon (Vaitomaa et al. 2003). There are few
general primers designed to detect several different producers of micro-
cystins (Hisbergues et al. 2003; Rantala et al. 2004) and to produce se-
quence information to design genus specific primers (Vaitomaa et al.
2003). In the development of genus—specific primers the testing with all
possible microcystin—producing cyanobacteria is required in addition to in
silico analyses. The other option, to detect specific microcystin producers,
was presented by Hisbergues et al. (2003). PCR products generated by
general primers were digested with restriction enzymes and producer gen-
era were identified based on the differences in resulting bands. The gene
region chosen in that study was mcyA, a region missing from the Nodu-
laria, thus those primers were not suitable for detection of nodularin pro-
ducers. Vaitomaa et al. (2003) and Rantala et al. (2004) successfully used
mcyE primers to get PCR product from all known microcystin and nodu-
larin producers. This gene region is involved in the construction of Adda
and activation and condensation of glutamate. Adda and glutamic acid are
present in both microcystins and nodularins and are shown to be the most
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important determinants (excluding the cyclic nature of the compounds) for
toxicity of these compounds (Harada et al. 1990; Rinehart et al. 1994;
Goldberg et al. 1995). Structural variations of Adda and glutamic acid in
microcystins and nodularins are less frequent than other parts of these
molecules (L— amino acids in microcystins see Sivonen and Jones 1999),
which makes this gene region attractive for primer and probe design. The
microcystin and nodularin synthetase sequence information has also been
used to study the evolution of these genes (Rantala et al. 2004). The mi-
crocystin synthetase genes were ancient and the non—toxic strains have lost
these genes during evolution. This also implies that individual strains of
cyanobacteria may have retained these genes and new toxin producers
among the cyanobacteria currently regarded as non—producing species may
still be found.

Conventional PCR is prone to typical PCR based method problems
(Wintzingerode et al. 1997) and requires some understanding of basic mo-
lecular biology. The primers are always designed and tested only with a
subset of strains and thus, may not be readily applicable to new
strains/species without further analysis. Environmental samples may also
contain PCR inhibitors and this should be controlled especially in the case
of negative results. Multiplex—PCR when developed may further improve
this method and make it faster.

DNA-based detection methods are only able to identify potential toxin
producers. The analysis of high number of Microcystis strains and also en-
vironmental samples have found only few cases where microcystin syn-
thetase genes were detected but the organism was unable to produce mi-
crocystins possibly due to mutations in the large gene cluster (Kaebernick
et al. 2001; Tillett et al. 2001; Mikalsen et al. 2003). The study of Kur-
mayer et al. (2004) showed that a rather high frequency of Planktothrix
strains/filaments contained the genes but were not producing microcystins
in Alpine lakes of Austria (see Table 1).

Molecular methods to detect producers of cylindrospermopsins have
been developed (Schembri et al. 2001; Fergusson and Saint 2003). These
detection methods are based on polyketide synthase (PKS) and peptide
synthetase (PS) gene clusters present only in cylindrospermopsin produc-
ing strains, but verification of the involvement of these genes in cylindros-
permopsin biosynthesis by knockout is yet to be done. Ferqusson and Saint
(2003) developed multiplex PCR assay for Cylindrospermopsis racibor-
skii, Aphanizomenon ovalisporum and Anabaena bergii based on the PKS
and PS genes which correlated well with the actual production of cylin-
drospermopsin.

Lack of information on the biosynthesis and biosynthetic genes of other
toxins such as the cyanobacterial neurotoxins limits the use of molecular
methods to detect the producers of these toxins.
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Quantitative real-time PCR

The real-time PCR yields quantitative information and answers the ques-
tion regarding which organism is a major producer of the toxins in a sam-
ple. The real-time PCR needs specific instrument that are more expensive
than the standard PCR machines and have higher running costs. However,
the benefits of this technology being quantitative are obvious compared
with the conventional PCR. The current real-time PCR machines are de-
signed for high throughput analyses since they use multi-well plates or
carry cells with multiple capillaries. Currently, only few applications of
this method for detection of cyanotoxin producers are found in literature
(Table 2). Two major methodologies, SyberGreen and TagMan methods
are available; the latter is regarded to be more specific. The optimization of
real-time PCR is often difficult and time consuming. The primers should
preferably target amplification of short sequences (100 —200 bp) to be effi-
cient. The prerequisite for this method is that the biosynthetic genes are
known which restricts the current use of this method to microcystin and
nodularin producers.

The quantitative real time PCR method is likely to produce valuable in-
formation on the toxin producers. Since it is quantitative, it can be associ-
ated with other environmental parameters possibly giving new insights to
what factors promote the selection of toxic cyanobacteria and why espe-
cially toxic blooms occur. In case where several producers are found in
environmental samples, it will reveal which organism is the major pro-
ducer. It may have great importance when mitigation schemes are designed
— Microcystis and nitrogen fixing cyanobacteria such as Anabaena or low
light adapted Planktothrix or Cylindrospermopsis require different ap-
proaches.
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DNA chips

DNA chips (microarrays) offer new insights into cyanobacterial popula-
tions in natural environmental settings. This methodology is very new and
has not been widely used in environmental analysis, yet. It is an attractive
method for monitoring since large amount of data can be created fast and
the method can be automated (the data consist of hybridization results
which are analyzed by computer). Current monitoring of cyanobacteria in
lakes is based on microscopic identification and cell/colony/filament
counting. This microscopic method is prone to pitfalls: the identification of
organism is subjective, it requires extensive training, and in addition, mi-
croscopic counting is very time consuming and tedious. DNA chip tech-
nology can identify all cyanobacteria that are present in a sample accu-
rately and identify the toxin producers depending on the designed probes.
It should be emphasized that toxic cyanobacteria cannot be identified by
microscopy, thus this new technology is superior when it comes to the
identification of potentially toxic cyanobacteria in samples. At present, ap-
plications of DNA chip technology for the detection of cyanobacteria are
scarce. Rudi et al. (2000) developed a microarray based on 16S rRNA
genes for a few groups of cyanobacteria (Phormidium, Microcystis, Plank-
tothrix, Anabaena, Aphanizomenon, Nostoc +Anab., Aph.), Eubacteria (+
chloroplasts). The array was based on membrane bound probes. The envi-
ronmental DNA was isolated, amplified by PCR, labeled and hybridized
with the complementary probes on the membrane. The method was used
to detect cyanobacteria in eight Norwegian lakes.

Another recent example of development of microarray to detect cyano-
bacteria comes from the European Union project MIDI-CHIP
(http://www.cip.ugl.ac.be/midichip/). The technology used in the MIDI-
CHIP project was so called the universal microarray method (Gerry et al.
1999). This method combines hybridization with ligation detection reac-
tion (LDR), which improves identification. In this method, two probes, a
discrimination and a common probe, are needed. The universal array
method avoids the limitation of hybridization. It is very difficult to estab-
lish standard conditions for different polymorphic DNA targets to be ana-
lyzed at the same time. The method consists of oligos (ZipCodes), which
have similar thermodynamic behavior and are unrelated to probes. This
makes array very flexible and new probes easy to add. The prototype mi-
croarray was based on 16S rRNA genes (Castiglioni et al. 2004). Se-
quences from data bases (281) and strains isolated in MIDI-CHIP project
were aligned and phylogenetic groupings were based on Neighbour joining
three made in ARB—program (Ludwig et al. 2004). The arrays detected 19
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major cyanobacteria groups and were tested with strains and environ-
mental samples and found to be specific. These arrays have been devel-
oped further to include a few more important phylogenetic groups as well
as the detection of microcystin/nodularin producing cyanobacteria (MIDI—
CHIP project, unpublished results).

Genome projects

In recent years, the whole genome sequencing projects have also been ex-
tended to cyanobacteria. The first cyanobacterial genome sequenced was
Synechocystis PCC 6803, which is a model organism to study photosyn-
thesis, as well as stress or high light acclimation processes (Kaneko and
Tabata 1997; Marin et al. 2003; Hihara et al. 2001). This strain does not
produce any of the known cyanobacterial toxins. Since then, tens of
cyanobacterial genomes have been fully or partly sequenced (e.g.
http://www.kazusa.or.jp/cyano/; http://genome.jgi—psf.org/; http://www.
moore.org/microgenome/). Most recently, toxin producing cyanobacteria
genome sequencing projects have been started: two microcystin producing
cyanobacteria Microcystis aeruginosa (Pasteur Institute) and Anabaena
strain 90 genome (at the authors’ laboratory in collaboration with Beijing
Genomics Institute, China) as well as nodularin producing Nodularia
spumigena from the Baltic Sea (Moore Foundation). Detailed annotation of
these genomes is likely to reveal genes associated with toxin production
and regulation. Comparison of these genomes will yield information on the
metabolic versatility of these organisms and the differences between the
various producers of toxins. Knowledge of genome sequences makes it
possible to design expression arrays to study the gene expression of these
organisms in various conditions as was carried out with Synechocystis PCC
6803 or Anabaena PCC 7120 strains (Marin et al. 2003, Hihara et al. 2001;
Katoch et al. 2004). Gene knockout experiments with planktonic cyano-
bacteria which will give important information about the function of the
yet uncharacterized genes, have been difficult to accomplish. The whole
genome sequence of an organism provides wealth of information, which
can also be utilized in proteome research. The whole set of proteins of an
organism can be separated by 2D gel electrophoresis and identified by
mass spectrometry (Simon et al. 2002). Genome sequencing, as well as
gene expression and proteome analyses are all high throughput methods.
Combination of all these methodologies in case of toxin producing,
bloom—forming cyanobacteria is likely to reveal key aspects of the biology
of these important organisms. However, several ecologically relevant,
mass—occurrence forming and toxin producing cyanobacteria such as




Chapter 24: Emerging High Throughput Analyses 551

Planktothrix, Cylindrospermopsis and all of the neurotoxin producers still
wait for ushering into the genome sequencing programs.

Conclusion and Summary

The common occurrence of toxic cyanobacteria causes problems for health
of animals and human beings. More research and good monitoring sys-
tems are needed to protect water users. It is important to have rapid, reli-
able and accurate analysis i.e. high throughput methods to identify the tox-
ins as well as toxin producers in the environment. Excellent methods, such
as ELISA already exist to analyse cyanobacterial hepatotoxins and saxitox-
ins, and PPIA for microcystins and nodularins. The LC/MS method can be
fast in identifying the toxicants in the samples. Further development of this
area should resolve the problems with sampling and sample preparation,
which still are the bottlenecks of rapid analyses. In addition, the availabil-
ity of reliable reference materials and standards should be resolved.

Molecular detection methods are now routine in clinical and criminal
laboratories and may also become important in environmental diagnostics.
One prerequisite for the development of molecular analysis is that pure
cultures of the producer organisms are available for identification of the
biosynthetic genes responsible for toxin production and for proper testing
of the diagnostic methods. Good methods are already available for the mi-
crocystin and nodularin—producing cyanobacteria such as conventional
PCR, quantitative real-time PCR and microarrays/DNA chips. The DNA—
chip technology offers an attractive monitoring system for toxic and non—
toxic cyanobacteria. Only with these new technologies (PCR + DNA—
chips) will we be able to study toxic cyanobacteria populations in situ and
the effects of environmental factors on the occurrence and proliferation of
especially toxic cyanobacteria. This is likely to yield important information
for mitigation purposes. Further development of these methods should in-
clude all cyanobacterial biodiversity, including all toxin producers and
primers/probes to detect producers of neurotoxins, cylindrospermopsins
etc. (genes are unknown). The on—going genome projects concerning toxin
producing cyanobacteria combined with future gene expression and gene
knockout experiments as well as proteome research will yield a wealth of
information on the biology and metabolic regulation of these organisms in
near future.
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